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Bacteria in nature spend most of their time in starved states waiting for new re-
sources to appear. Although feast-and-famine dynamics are a fundamental aspect
of bacterial life, little is known about how cell physiology changes during starva-
tion and how these changes affect subsequent growth resumption. Here, we ad-
dress these questions by direct observation of single cells of Escherichia coli resuming
growth in lactose after carbon starvation. We find that upon short starvation, bacte-
ria rapidly resume growth in lactose if they became starved in lactose (as opposed
to glucose) since they maintain the machinery for lactose metabolism throughout
starvation. Thus, when starvation is short, bacteria ‘remember’ the conditions be-
fore starvation and this memory is beneficial for growth resumption. Strikingly, as
the duration of starvation increases, this pattern reverses and growth resumption in
lactose takes longer for cells that starve in lactose than for cells that starve in glu-
cose. We further show that this ‘detrimental’ memory of lactose exposure lasts for a
few generations, offering one of the first quantifications of acceleration to maximum
growth rate at the single-cell level. Using a mathematical model we show that these
patterns can result from an uncoupling between lactose transport and metabolism
that occurs as proteins operating these processes degrade during starvation. Overall,
our results show that despite growth arrest cells are dynamically changing during
starvation in a complex manner that depends on how cells entered starvation and is
highly individual.
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Most of what is known about the physiology of bacteria comes from studying cells
that divide actively while they have ample access to resources. However, in nature
bacteria spend the majority of their time in energy-limited states where growth is
arrested often because one or more essential nutrients are unavailable (Bergkessel
et al., 2016; Koch, 1971). Understanding how bacterial physiology and metabolism
change during starvation is important not only because this is the most prevalent
state in which bacteria exist in natural environments. Also, how bacteria reshape
their cellular components and energy allocation while starved determines whether
and when they resume growth once resources become available again. Given the
non-linear nature of bacterial growth -which highly penalizes individuals with long
lag times- and the fact that bacteria in non-growing states can be more tolerant
to external stressors, the process of growth resumption from starvation has major
ecological and evolutionary consequences for bacteria as well as relevant clinical
implications (Bakkeren, Diard, & Hardt, 2020; Fridman et al., 2014; Moreno-Gámez
et al., 2020).

One of the main reasons why starved bacteria remain poorly characterized is that
it is challenging to follow and quantify bacterial behavior during feast-and-famine
regimes. This is, during transitions where bacteria go back and forth from periods
with and without resource availability. Here, we use a microfluidics setup that we
recently developed (Moreno-Gámez et al., 2020) to track and characterize individ-
ual bacterial cells during these transitions. Briefly, in this setup we use time-lapse
microscopy to follow bacteria in a microfluidic device that is connected to a batch
culture inoculated at a low cell density. As this culture goes from exponential to
stationary phase, cells in the microfluidic device also enter stationary phase and re-
main in this phase for as long as the device is connected to the batch culture with
depleted resources. Finally, to end starvation, we replace the batch culture by fresh
media and quantify the dynamics of growth resumption at the single-cell level.

Using this setup we study how the entry into stationary phase and the duration
of starvation affect the transition from non-growing to growing states. We use Es-
cherichia coli and focus on characterizing the process of growth resumption in lactose.
We chose this sugar as a model to study resources that bacteria can only utilize af-
ter synthesizing specific machinery for sugar import and degradation (Madar et al.,
2013). Metabolizing this type of resources can be particularly challenging for bacteria
transitioning from starvation to growth as cells need to synthesize new proteins in a
state of energy limitation. In fact, we previously established that there is a synergistic
effect on lag time between the duration of starvation and the appearance of lactose
(instead of glucose) as the carbon source for growth resumption (Moreno-Gámez et
al., 2020).

Here, we ask whether bacteria can ‘remember’ the conditions that they encounter
before becoming starved and whether this memory can help them thrive in feast-
and-famine regimes involving resources that require synthesizing specific metabolic
machinery. To do this we study whether starved bacteria resuming growth on lac-
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tose benefit from having encountered lactose before entering starvation and how this
benefit varies depending on the duration of starvation. The latter underlies the more
fundamental question of whether bacteria tend to ‘forget’ conditions that they expe-
rience before starvation if this period lasts very long. We find that when starvation is
short, growth resumption in lactose is faster if bacteria were consuming lactose when
becoming starved. This indicates that phenotypic memory upon short starvation
is preserved and benefits bacteria, in line with previous work showing that upon a
diauxic shift from glucose to lactose lag time decreases if bacteria previously encoun-
tered lactose (Lambert & Kussell, 2014). Remarkably, we find that as the duration of
starvation increases, this pattern shifts and most cells that were feeding on lactose
before starvation take longer to resume growth in lactose than cells that were feed-
ing on glucose. Using additional experiments in combination with a model of the
intracellular dynamics of lac proteins, we propose that this pattern might result from
a decoupling between lactose transport and metabolism that occurs because LacY
and LacZ likely degrade at different rates during starvation. These results show that
cells are dynamically changing during starvation in ways that depend on how they
became starved and that influence how they resume growth when resources become
available.

�.� �������

We study E. coli grown in minimal media supplemented with a low concentration of
glucose, which ensures that bacteria enter starvation due to carbon limitation. We
showed before that in these conditions clonal populations of starved E. coli resume
growth faster and in a more homogenous manner in glucose than in lactose and that
this difference increases with the time that bacteria spend in starvation (Moreno-
Gámez et al., 2020). Our previous work showed this for relatively short durations
of starvation and here we find that this pattern persists when starvation lasts for
multiple days (Fig. S1). Since to a large extent this difference originates from the
energy and time that starved cells take to express the lac operon, we hypothesized
that bacteria starving in minimal media supplemented with lactose would have a
lower lag time when resuming growth on lactose than bacteria starving in the same
media supplemented with glucose. We first performed an experiment to compare
these two scenarios for a short duration of starvation. This choice is based on our
underlying expectation that lag time would be reduced upon previous exposure
to lactose as a result of phenotypic memory (Lambert & Kussell, 2014): cells that
became starved in lactose were actively expressing the lac operon before entering
starvation; thus, after a few hours of starvation they should still contain LacY and
LacZ proteins that would allow them to quickly resume growth when encountering
lactose.

In agreement with our expectations, we find that upon short starvation (⇠8 hours)
the distribution of lag times in lactose is narrower and shifts towards shorter lags
when bacteria were consuming lactose before starvation instead of glucose (Fig. 1).
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To establish that phenotypic memory is in fact the mechanism responsible for such
lag time reduction, we performed an additional experiment where at the end of
starvation bacteria starved for the same duration as in the previous experiment were
pulsed for 2 hours with lactulose before receiving lactose. Lactulose is a derivative of
lactose that is imported and metabolized in the same way as lactose. However, unlike
lactose, lactulose does not bind to LacI and thus it cannot derepress the lac operon
(Dean, 1995). Thus, cells that do not count with proteins for lactose metabolism
cannot grow on lactulose. Preliminary data shows that while bacteria starved in
glucose are unable to utilize lactulose and their growth remains arrested until they
are switched to lactose, bacteria starved in lactose are able to resume growth in the
presence of lactulose (Fig. S2). This indicates that these cells rely on previously syn-
thesized machinery to import and degrade lactulose showing that they ‘remember’
the previous exposure to lactose.

Figure 1: Cells ‘remember’ lactose exposure upon short starvation. Lag time dis-
tributions of E. coli starved in M9 media supplemented with 1.11mM of
either glucose or lactose and resuming growth in M9 media supplemented
with 1.11mM lactose. Bacteria are supplied with fresh media 16-18 hours
after inoculation in media with glucose or lactose so they spend ⇠8 hours
in stationary phase. Lag time is defined as the time to first division once
resources appear. Data for the distribution of starved cells in glucose re-
suming growth in lactose was already presented in Moreno-Gámez et al.
[2020].

We then asked whether bacteria can keep the memory of lactose exposure after a
prolonged duration of starvation. In order to do this, we quantified the same distri-
butions as before for bacteria starving for ⇠32 and ⇠128 hours (See Methods). We
expected that upon prolonged starvation bacteria would ‘forget’ the previous expo-
sure to lactose as proteins for lactose metabolism would progressively degrade, like
many other proteins during starvation (Houser et al., 2015; Navarro-Llorens, Tormo,
& Martínez-García, 2010; Pine, 1966). As a result of this reduction in phenotypic
memory, cells starving in lactose would become more similar to cells starving in
glucose; thus, we expected that the difference between the lag time distributions in
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these two conditions would disappear as the duration of starvation increases. Strik-
ingly, we find that as bacteria spend longer periods in starvation, previous exposure
to lactose becomes detrimental for growth resumption for most of the cells and leads
to increased phenotypic heterogeneity in lag (Fig. 2). Thus, the pattern observed for
short starvation does not only disappear but it, in fact, reverses.

Figure 2: Growth resumption in lactose is hindered by previous exposure to lac-
tose upon prolonged starvation. Lag time distributions of E. coli starved
in M9 media supplemented with 1.11mM of either glucose or lactose and
resuming growth in M9 media supplemented with 1.11mM lactose. a) Bac-
teria are supplied with fresh media 40 hours after inoculation in media
with glucose or lactose so they spend ⇠32 hours in stationary phase. b)
Bacteria are supplied with fresh media 136 hours after inoculation in me-
dia with glucose or lactose so they spend ⇠128 hours in stationary phase.
In contrast to the dynamics for short starvation (Fig. 1), when starvation is
long, starving in lactose leads to longer lag times and more heterogeneity
in growth resumption than starving in glucose.

Up until now our data established that cells ‘remember’ the conditions before star-
vation and that this memory depends on the duration of starvation and is reflected
on the time to first division once new resources become available. We then studied
whether this memory lasts for multiple generations by characterizing the dynamics
of growth resumption beyond the first cell division. To do this, we determined how
rapidly bacteria resuming growth from starvation reach their maximum growth rate
by quantifying the times to the second and third cell divisions once bacteria started
dividing in the new resource1. We find that, regardless of the duration of starva-
tion, when bacteria that entered starvation in glucose resume growth, they rapidly
accelerate towards maximum growth both in glucose and lactose (Fig. 3). In fact, the
second and third divisions happen at a rate close to the maximum growth rate of
E. coli in the new carbon source. In contrast, we find that bacteria starved in lactose
rapidly accelerate towards maximum growth in lactose only upon short starvation.
However, when starvation is prolonged, there is large heterogeneity in the time to

1 Interdivision time is a noisy proxy for estimating the growth rate. For this reason, we are currently
working on segmenting and tracking the cells to measure acceleration using elongation rates.
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second and third divisions with many cells taking more than twice as long to divide
than the doubling time of E. coli during exponential growth in lactose (Figs. 3 and S3).
These observations are consistent with our findings for the distributions of the time
to first division (Figs. 1 and 2) and further show that although cells resuming growth
in lactose benefit from previous lactose exposure when starvation is short, growth
resumption in lactose is hindered upon prolonged starvation in lactose.

Figure 3: The ‘detrimental’ memory of lactose exposure lasts for multiple genera-
tions upon prolonged starvation in lactose. Time from the first to the sec-
ond division in the new carbon source as a function of the lag time (which
we define as the time to first division) for different switches. The total
duration of a growth cycle is a) 16-18 hours, b) 40 hours and c) 136 hours.
Each dot in every panel represents a cell lineage and dots are colored de-
pending on the carbon sources that bacteria encounter before and after
starvation. We present data for three switches: Bacteria starving in glu-
cose and resuming growth in glucose (green), bacteria starving in glucose
and resuming growth in lactose (blue) and bacteria starving in lactose and
resuming growth in lactose. The dotted lines indicate the doubling time of
E. coli in glucose (grey) and lactose (black) during exponential growth in
these carbon sources (Moreno-Gámez et al., 2020). Upon prolonged star-
vation in lactose there is large heterogeneity in the time to the second cell
division with many cells taking remarkably long times to divide again. In
contrast, in all the other conditions bacteria rapidly accelerate to their max-
imum growth rate. Data for the interdivision time between the second and
third division is presented in Fig. S3.

Since our previous work showed that IPTG induction reduces the lag time of bacte-
ria starving in glucose and resuming growth in lactose (Moreno-Gámez et al., 2020),
we studied whether IPTG would have a similar effect when bacteria starve in lactose
for a prolonged duration. We assessed this by quantifying the dynamics of growth
resumption of bacteria that enter starvation in lactose and resume growth in lactose
supplemented with 1mM IPTG. As in the experiments without IPTG, bacteria were
starved for ⇠32 hours. Interestingly, we find that IPTG addition narrows and shifts
the lag time distribution towards shorter lags. This leads to a distribution similar to
the one for the glucose + IPTG to lactose + IPTG switch that we had characterized
before for the same duration of starvation (Fig. 4a). Moreover, we find that upon
IPTG induction all cells rapidly accelerate towards their maximum growth rate in
lactose once they resume division (Fig. 4b), which contrasts with our previous find-
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ings in the absence of IPTG (Figs. 3 and S3). Overall, this data shows that cells
starving in lactose for prolonged durations benefit from IPTG induction, which in
turn indicates that the lac operon in these cells is repressed. This is expected given
that for the growth media used in these experiments, bacteria enter starvation due
to carbon limitation. Thus, bacteria deplete all available lactose before becoming
starved, which should lead to a repression of the lac operon. Importantly, this data
also indicates that the underlying mechanism explaining the detrimental effect of
lactose exposure during prolonged starvation has to do with the metabolism of lac-
tose when starved cells attempt to resume growth. Otherwise, IPTG induction upon
growth resumption would not get rid of this negative effect.

Figure 4: IPTG induction upon growth resumption in lactose ’erases’ the detri-
mental memory of lactose exposure after prolonged starvation. a) Lag
time distribution of E. coli starved in M9 with 1.11mM of lactose and re-
suming growth in M9 with 1.11mM lactose + 1mM IPTG after a 40 hour
growth cycle (red). As a reference we also present the lag time distribution
of E. coli starved in M9 with 1.11mM of glucose + 1mM IPTG and resuming
growth in M9 with 1.11mM lactose + 1mM IPTG after a 40 hour growth
cycle (cyan). The latter was already presented in (Moreno-Gámez et al.,
2020). (inset) IPTG induction narrows and shortens the lag time distribu-
tion in lactose regardless of whether bacteria became starved in glucose or
lactose. The switch from lactose to lactose presented in Fig. 2a is shown
by the yellow dot and the switch from lactose to lactose + IPTG presented
in this figure is shown by the red dot. The switch from glucose to lactose
presented in Fig. 2a is shown by the blue dot and the switch from glucose
+ IPTG to lactose + IPTG is shown by the cyan dot. b) Time from the first
to the second division in lactose as a function of the lag time for the two
switches presented in (a). IPTG induction upon growth resumption also
erases the detrimental memory of lactose exposure in the succeeding gen-
erations. This is illustrated by comparing this panel with the data for the
lactose to lactose switch upon the same duration of starvation but without
IPTG induction presented in Fig. 3b.

We hypothesized that the unexpected effect of previous lactose exposure on growth
resumption in lactose derives from the intracellular dynamics of the LacY and LacZ

70



proteins during starvation. In particular, we suggest that due to their likely different
rates of degradation during starvation, the relative number of these proteins after
prolonged starvation is often biased towards a higher amount of LacY versus LacZ.
This would lead to an imbalance between lactose transport and metabolism that
would strongly impair cells resuming growth from prolonged starvation: cells in
this state would invest energy into transporting lactose inside the cell but would not
be able to utilize it immediately because the lack of LacZ enzymes to degrade intra-
cellular lactose. This would further deplete cellular energy prolonging the lag time
of cells in these states. This hypothesis would explain why cells that enter starvation
in lactose would lag longer than cells that did not encounter lactose before becoming
starved. The latter would only resume growth in lactose once they have expressed
the lac operon and thus will always count with an even ratio of LacY to LacZ that
would allow them to utilize lactose immediately after importing it intracellularly.

This hypothesis relies on two premises regarding the dynamics of protein degra-
dation and lactose metabolism (Fig. 5a). First, it assumes that during starvation LacZ
degrades at a faster rate than LacY. Protein degradation is a strategy for proteome
remodeling that allows E. coli to survive during starvation and that differentially tar-
gets proteins depending on their function and intracellular location (Guo & Gross,
2014; Houser et al., 2015; Reeve, Bockman, & Matin, 1984). Various studies suggest
that LacY is less susceptible to proteolysis due to its tightly folded terminal domains
as well as reduced accessibility (Goldkorn, Rimon, & Kaback, 1983; Stochaj, Bieseler,
& Ehring, 1986). The latter is common to other proteins located in the cellular mem-
brane and likely explains why they are less prone to proteolysis (Kwon, Silva, &
Kellis, 1996; Talmadge & Gilbert, 1982). On the other hand, and also in line with
our hypothesis, LacZ is prone to degradation during stationary phase and its activity
has been found to rapidly decrease during starvation (Özkanca, 2002; Willetts, 1967).
This has been reported in E. coli as well as in other bacterial species and is consis-
tent with the increased degradation of various cytosolic enzymes during starvation
(Liebal et al., 2012; Michalik et al., 2012). The second premise that underlies our
hypothesis is that starved cells with a higher concentration of LacY than LacZ have
a high metabolic burden when resuming growth on lactose. Support for this idea
comes from the observation that running the LacY permease is very costly for E. coli
because lactose import depletes the proton motive force of the cell (PMF) (Abramson
et al., 2004; Eames & Kortemme, 2012; Perfeito, Ghozzi, Berg, Schnetz, & Lässig,
2011). This cost could be particularly high for starved cells given that the PMF
largely decreases during starvation. Moreover, this premise is consistent with two
observations regarding lactose metabolism in E. coli. First, it has been shown that
overexpression of LacY is harmful to bacteria and might lead to considerable growth
delays (Grube et al., 2014; Padan, Arbel, Rimon, Shira, & Cohen, 1983). Second,
this premise is consistent with a well-established phenomenon known as ‘lactose
killing’, where E. coli grown in a chemostat with a limited lactose supply die when
plated in media with high concentrations of lactose. Lactose killing results from the
action of the LacY permease (Dykhuizen & Hartl, 1978), since the rapid uptake of
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lactose when cells are plated in media with high lactose concentration collapses the
membrane potential of the cell.
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Figure 5: A potential mechanism for the ‘shift’ in phenotypic memory upon prolonged
starvation in lactose. a) Our hypothesis is based on two premises. (top) First,
it assumes that during starvation LacY and LacZ degrade at different rates. As
a result, cells that became starved in lactose can have a strong intracellular bias
towards a higher LacY concentration after prolonged starvation. (bottom) Second,
it assumes that when lactose transport and metabolism are imbalanced, starved
cells attempting to resume growth in lactose become even more energy depleted.
Upon short starvation, on the other hand, cells benefit from the phenotypic mem-
ory of lactose exposure and rapidly resume growth in lactose. b) This hypothesis
is supported by a mathematical model of the intracellular dynamics of lactose
metabolism during growth resumption. (top) Cellular energy as a function of the
LacY and LacZ abundance at the onset of growth resumption. The model has
two stable states: cells can either resume energy production by importing and
degrading lactose or they can deplete even more their energy storage by import-
ing lactose without being able to degrade it. These stable states are colored in
green and gray respectively. (bottom) Example of simulation runs with parame-
ters where starved cells resume growth in lactose in a balanced (even abundance
of LacY and LacZ) or imbalanced state. Imbalanced cells rapidly deplete their
energetic reserves and remain in a state of energy limitation.

To further consolidate our intuition that the combination of these two premises
would impose a burden on growth resumption in lactose2, we developed a mathe-
matical model. Our model uses ordinary differential equations (ODEs) and follows
the intracellular concentrations of LacY, LacZ and lactose as well as the energy of the
cell over time (Supplementary Information). We assume that cells get energy from

2 Currently, we are working on validating these premises experimentally for the specific conditions of our
starvation experiments. To this end, we are planning to quantify LacY and LacZ degradation during
starvation and to measure the PMF of starved cells before and after encountering lactose. We plan to
do these quantifications at the single-cell level to establish whether these measurements correlate to
the variability in lag times observed in our microfluidic experiments.
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degrading lactose and invest this energy into protein synthesis and lactose transport.
Moreover, based on our experimental observations (Fig. 4), we assume that the in-
tracellular concentration of lactose at the onset of growth resumption is zero and
thus the lac operon is initially repressed. Using our model we studied the role of
the intracellular concentrations of LacY and LacZ at the onset of growth resumption
on the resulting energetic state of the cell. In line with our hypothesis, we find that
when cells start the process of growth resumption with a strong intracellular bias
towards LacY, they rapidly deplete all their energy and enter a state of energy depri-
vation (Fig. 5b). Although in our model cells would remain forever ‘locked’ in this
energy-limited state, in reality cells might employ multiple strategies to reshape their
energy budget and leave these states (Bergkessel et al., 2016; Guo & Gross, 2014).
Nonetheless, this process might take time and additional energy which would result
in longer lags. Finally, in our model we do not incorporate stochasticity in the intra-
cellular dynamics of protein degradation and lactose metabolism. We hypothesize
that this source of phenotypic noise (Choi et al., 2008; Robert et al., 2010) in combi-
nation with noise in other processes associated to reshaping the energetic budget of
the cell (e.g. re-routing metabolic pathways and utilizing intracellular energy stor-
age compounds) (Bergkessel et al., 2016; Ratcliff & Denison, 2010) might underlie
the strong variability in the dynamics of growth resumption of genetically identical
cells.

�.� ����������

Even when bacteria are not energy-limited a switch from glucose to lactose leads to a
delay on growth because of the investment that cells make into synthesizing proteins
for lactose metabolism and utilizing lactose. Nonetheless, this delay can be reduced
if bacteria are previously exposed to lactose as cells will maintain a phenotypic mem-
ory of such exposures in the form of proteins for lactose transport and degradation
(Lambert & Kussell, 2014). Here, we showed that cells undergoing feast-and-famine
transitions can also maintain such memory and benefit from previous lactose ex-
posure upon short starvation (Fig. 1). However, when the duration of starvation
increases, growth resumption in lactose is hindered by previous lactose exposure, an
effect that might last for various generations after bacteria have resumed growth in
lactose (Figs. 2 and 3).

We were able to unveil this interplay between phenotypic memory and the dura-
tion of starvation because of two features of our experimental setup. First, since all
cells in our analysis occupy separate growth channels, we can observe cells that take
a very long time to resume growth. These cells would otherwise be outcompeted in
population-level assays since they are not protected from competition with cells that
resume growth earlier. This feature of our setup was instrumental to detect the neg-
ative effect of previous lactose exposure on growth resumption in lactose especially
when starvation lasts for ⇠128 hours, since there are cells in this condition that take
>30 hours to resume growth (Fig. 2). Second, our setup lets us track single cells for
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multiple generations after they have resumed growth in the new carbon source. Pop-
ulation growth curves often show a period of acceleration but quantifications of this
process at the single-cell level are scarce. The data presented here (Fig. 3) constitutes
one of the few quantifications of acceleration to maximum growth at the single-cell
level (Boulineau et al., 2013; Pin & Baranyi, 2006) and to our knowledge is the
first to show that the conditions before starvation determine how rapid and homoge-
neous is the process of acceleration to maximum growth rate in clonal populations
of bacteria.

A previous study in E. coli also showed that the way in which cells enter starvation
can affect how they resume growth once resources become available (Jõers & Tenson,
2016). Such phenotypic memory was also documented during spore formation in
Bacillus subtilis. This bacterium uses sporulation as a strategy to cope with starvation
and a recent study shows that spore revival depends on the phenotypic state of the
cell at the onset of sporulation because molecules are carried out from the vegetative
state to the spore (Mutlu et al., 2018). In line with these studies, our data also
establishes the existence of phenotypic memory during feast-and-famine transitions.
Importantly, we show here that phenotypic memory during these transitions does
not always have a positive effect on growth resumption and that its effect can become
detrimental upon prolonged starvation.

Overall, our findings emphasize that despite growth arrest, bacteria are dynami-
cally changing during starvation. This is consistent with the observation that bacteria
can maintain a period of constant transcriptional activity even after various days into
stationary phase (Gefen et al., 2014). Also it is in line with various studies that show
that bacteria actively remodel their intracellular composition and energetic budget
during starvation in a way that depends on the nutrients that were limiting upon
the entry to starvation and that allows them to remain viable for prolonged times
(Hausmann, Pelikan, Rattei, Loy, & Pester, 2019; Iyer, Le, Park, & Kim, 2018; Li
et al., 2018; Sebastián et al., 2019). Such tight control of physiology and metabolism
in starved cells further stresses that surviving starvation while preparing to resume
growth has been a major selective pressure in bacterial evolution. Finally, our results
show that phenotypic heterogeneity is a landmark of feast-and-famine transitions,
which raises the questions of whether and when this variation can have an adaptive
value.

�.� �������

All the experiments presented in this study were performed with E. coli MG1655.
Bacteria were grown at 37�C in media consisting of M9 Salts, 1 mM MgSO4, 0.1 mM
CaCl2 and 0.01% Tween 20. M9 media was supplemented with the specified sugar
at 1.11mM. All media components including IPTG are from Sigma-Aldrich.

Microfluidic experiments were done as described in (Moreno-Gámez et al., 2020).
For the prolonged starvation condition where a growth cycle lasted 136 hours the
only difference with our previous setup is that the feeding cultures start at a volume
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of 95mL so the media lasts for the entire duration of starvation. As in (Moreno-
Gámez et al., 2020) data was analyzed using Vanellus. Currently, we are working on
improving the data analysis to extract more information from the timelapse movies.
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�.�.� Model

We model the intracellular dynamics during growth resumption after starvation us-
ing the following set of equations,

dY

dt
= �Y t(R)

E

E+↵P
- �Y Y (1)

dZ

dt
= �Z t(R)

E

E+↵P
- �ZZ (2)

dE
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= c�- t(R)

E
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- �E E (3)
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dt
= �R Rext Y

E
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with t(R) = 1+ ⇢ (R/K)n

1+(R/K)n and � = Z E
E+↵M

R
R+KR

.

Here, Y and Z correspond to the concentrations of LacZ and LacY respectively, E
corresponds to the intracellular energy and R is the internal concentration of lactose.
We model repression of the lac operon in the absence of lactose by assuming that
for each protein there is basal rate of protein production �X that increases with the
internal concentration of lactose in a sigmoidal way given by t(R̂) with a maximum
determined by ⇢. In addition, we assume that the rate of all the processes carried out
by the cell – protein synthesis, lactose import and lactose metabolism – can become
limited by the amount of intracellular energy. The constants determining the extent
of this limitation for each of these processes are ↵P, ↵I and ↵M respectively. Energy
is produced from the metabolic activity of LacZ at a rate given by c� where c is a
proportionality constant. Energy in turn gets depleted from the process of protein
synthesis with proportionality constants �X for each protein and from the process of
lactose import with a proportionality constant �I. Lactose is imported at a rate that
depends on the concentration of LacY and the external resource Rext. Once inside the
cell, lactose can then be depleted by the metabolic activity of the cell at a rate �R�

where �R is a proportionality constant. Finally, we assume that proteins, energy and
lactose degrade intracellularly at a rate dX.

We scale the previous model as follows,

Ŷ = Y
�E
�Y

, Ẑ = Z
�E
�Z

, Ê =
E

↵M
, R̂ =

R

KR
, t̂ = t �E
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The reduced model is then,

dŶ

dt̂
= t(R̂)

Ê

Ê+ ↵̂P

- �̂Y Ŷ (5)

dẐ

dt̂
= t(R̂)

E

E+ ↵̂P
- �̂ZẐ (6)

dÊ

dt̂
= ĉ �̂- t(R̂)

E

E+ ↵̂P
(�̂Y + �̂Z)- �̂I Rext Ŷ

Ê

Ê+ ↵̂I

- Ê (7)

dR̂

dt̂
= �̂R Rext Ŷ

Ê

Ê+ ↵̂I

- �̂R �̂- �̂R R̂ (8)

with t(R̂) = 1+ ⇢ (R̂/K̂)n

1+(R̂/K̂)n
and �̂ = Ẑ Ê

Ê+1
R̂

R̂+1
and,

↵̂P =
↵P

↵M
, �̂Y =

�Y
�E

, �̂Z =
�Z
�E

, K̂ =
K

KR
, ĉ =

c�Z

↵M �2E
, �̂Y =

�Y �Y

↵M �E

�̂Z =
�Z �Z

↵M �E
, �̂I =

�I �Y

↵M �2E
, ↵̂I =

↵I

↵M
, �̂R =

�R �Y

KR �2E
, �̂R =

�R �Z

KR �2E
, �̂R =

�R
�E

The model was parametrized based on a previous model of the lac operon (Kalisky,
Dekel, & Alon, 2007).
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�.�.� Supplementary Figures

Figure S1: Very prolonged starvation further confirms that there is a synergistic
effect between diauxie and the duration of starvation. Lag time distribu-
tions of E. coli MG1655 resuming growth in M9 media with either 1.1mM
glucose (green) or 1.11mM lactose (blue) after prolonged starvation in M9
media with 1.11mM glucose (136 hours growth cycle where cells spend
⇠ 128 hours starved). Histogram data comes from one replicate for each
condition. In agreement to what we reported in (Moreno-Gámez et al.,
2020) there is a synergistic effect between diauxie and the duration of
starvation. For reference, the difference between the mean lag time in
these two conditions is ⇠ 6 hours when starvation lasts for ⇠ 32 hours.
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Figure S2: A lactulose pulse before the switch to lactose favors growth resumption
of bacteria previously starving in lactose. Bacteria entered starvation in
either glucose (blue) or lactose (yellow) and then received a 2-hour pulse
of M9 supplemented with 1.11mM lactulose before being switched to
lactose (at time t=0h). Each horizontal line corresponds to a cell lineage
and the dots indicate division events. The dotted vertical lines show the
mean lag time for each treatment in the absence of the lactulose pulse.
Unlike cells that starved on glucose, cells that starved on lactose can
utilize lactulose which reduces their lag time upon the switch to lactose.
Experimental conditions for both switches are the same than in Fig. 1
except for the lactulose pulse.
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Figure S3: The ‘detrimental’ memory from lactose exposure lasts beyond the sec-
ond cell division upon prolonged starvation in lactose. Time from the
second to the third division in the new carbon source as a function of
the time from the first to second division for different switches. The to-
tal duration of a growth cycle is a) 16-18 hours, b) 40 hours and c) 136
hours. Each dot in every panel represents a cell lineage and dots are
colored depending on the carbon sources that bacteria encounter before
and after starvation. We present data for three switches: Bacteria starv-
ing in glucose and resuming growth in glucose (green), bacteria starving
in glucose and resuming growth in lactose (blue) and bacteria starving
in lactose and resuming growth in lactose. The dotted lines indicate the
doubling time of E. coli in glucose (grey) and lactose (black) during expo-
nential growth in these carbon sources (Moreno-Gámez et al., 2020).
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